UNCLASSIFIED

AD NUMBER

AD381719

CLASSIFICATION CHANGES

TO: unclassified

FROM: confidential
LIMITATION CHANGES

TO:

Approved for public release, distribution
unlimited

FROM:

Distribution authorized to U.S. Gov't.
agencies and their contractors; Critical
Technology; JUN 1967. Other requests shall
be referred to Army Missile Command,
Redstone Arsenal, AL.

AUTHORITY

30 Jun 1979, DoDD 5200.10; MICOM 1ltr, 1
Feb 1981

THIS PAGE IS UNCLASSIFIED




ot o ar

et ada

—

ﬂ

SECURITY
MARKING

2

e
-

The classified or limited status of this repoit applies
to each page, unlcss otherwise smarked, ’
Separate page printouts MUST be marked accordingly.

THIS DOCUMENT CONTAINS INFORMATION AFFECTING THE NATIONAL DEFENSE OF
THE UNITED STATES WITHIN THE MEANING OF THE ESPIONAGE LAWS, TITLE 18,
U.S.C., SECTiONS 793 AND 794. THE TRANSMISSION OR THE REVELATION OF
{Xg CONTENTS IN ANY MANNER TO AN UNAUTHORIZED PERSON IS PROHIBITED BY

NOTICE: When government or other drawings, specifications or other
data are used for any purpose other than in connection with a defi-
nitely related government procurement operation, the U. S. Government
thereby incurs no responsibility, nor any obligation whatsoever; and
the fact that the Government may ‘have formulated, furnished, or in any
way supplied the said drawings, spec1f1cat10ns, or other data is not
to be regarded by implication or otherwise as in any manner licensing
the holder or any other person or corporation, or conveying any rights
or perm1551on to manufa(:‘“tfirrt-:-J use or sell any patented invention that
may in any way be related thereto. .

- -

(“..
ol V__“,...L—-’—-,
" *

anansn, 4%

F I
# vt s'.u’ ’

i

L]




s o

i

\

|

,AB381719

"CONFIDENTIAL

cory 7 L N {anp.

. REPORT S-114

~

NFPA-ACRYLIC ACID COPOLYMERIZATION CHARACTERISTICS AND
PRGCESS DEVELOPMENT (U)

by
D, A. Willoughby

June 1967

U, 8. ARMY "MISSILE.COMMAND
GONTRACT DA-OL-OZI AMG-11536(Z)

R‘OHM AND HAAS COMPANY
REDSTONE RESEARCH LABORATORIES
HUNTSVILLE, ALABAMA 35807 .

Thi$ document containg information affecting the

national defense of the United States within tha ! A D D C
meaning of the Espionage Laws, Title 18, U.S.C, i
Sections 763 and 794, The transmission or the rev- Di' { ‘ E gi‘"’ raf; ]

elation of its contents in any manner to an \in-

authorized person is prohibited by law. JUN 16 199,
UL s v s
¥
e DISTRIBUTION LIMITED RJ
- | SEE INSIDE FRONT COVER

CONFIDENTIAL

PV s

TR ¢ el Gl

7S SN T e Rty B e

S A L o AT T A

NS Pl il

B T s st TR N
A - i s W

[V Al | 7 |



Mt B ez

DISTRIBUTION LIMITATION

Initial distribution of thiis report has bees made in accordance with contractual agreements
and approved supplements received from our Contracting Officer. Qualified users may ob-
tain this report from the Defense Docurnentation L.enter, Cameron Station, Building 5,
Alexandsia, Virginia 22314.

Tn addition to security requiremients whick must be met, this dr.cument is subject to special
export controls, and each transmittal to foreign govemmmts or foreign nationals may be
made only with prior approval of

Depaitaent of Acmy
Headquarters, U. S. Army M1ssxle Command
Redstene Arsenal, Alabarma 85809

B o DISCLAIMER

‘The findings in this report are not to be construed as an official Depattment
of the Army position unless so designated by other authorized documents.

DISPOSITION INSTRUCTIONS

When this report is no longer needeqa, Department of the Army organizations will destroy it
in -accordance with the pre-edures given in AR 880-5. Navy and Air Foice elements wili

destroy it in accordance with .applicable directions. Nepiriment of Defense contractors will
destroy the report according to the requirements of the Industrial Security Manual for Safe-

guarding Classified Information. All others .will return the report to:

Department of Arm B
Headquarters, U. S. Army Missile Command
Redsrane. Arsenal, Alabama 35305

ATTN: AMSMITYC

DOWNGRADED Ai 3 VEAR INTERVALS: |
DECLASSIFIED AFTSR 12 YEARS.

- B e T
e i e -

R

PO il

B

sy
PV

VRS

et
PPN N

R A

D

"‘g“o“*“*{ﬂ?« ',¢,° N ;"“,“W?“ a—f»,:a.w“..u o et

Ii-'wmm;nw.\ NS g ARSTA
A N .



CONFIDENTIAL

June 1967 Report S-1i4

NFPA-ACRYLIC ACID COPOLYMERIZATION CHARACTERISTICS AND
PROCESS DEVELOPMENT (U)

by

D. A. Willoughby

U.S. ARMY MISSILE COMMAND
Contract DA-01-021 AMC~11536(Z)

W. H., GROETZINGER, I, Head O. H. LOEFFLER
Engineering Research Section General Manager

sTaTmiENT 42 VSiEbpppmplinited

In addition 10 security requ’rements which must be met, this

documert i subjcct Lo cSpecial export controls and each.

transmittal to foreign governments or forei ationals may 3
a . LS BrMY MSS 1L E Corrrrin 7

be_made only with prior approval of AR ZMY L,
KEDSTONE FRSENPL, BRA BRI,

ROHM AND HAAS COMPANY

REDSTONE RESEARCH LABORATORIES
HUNTSVILLE, ALABAMA 35807

Fs5F07

CONFIDENTIAL




(U) ABSTRACT

This report discusses continued efforts to improve the process
for making NFPA-acrylic acid copolymers and to characterize the
preduct, Particular emphasis is directed toward developing, experi-
mentally testing, and utilizing mathematical models of the process.
The scope of the work includes consideiztiors of compositional uniformity,
molecular-weight distribution, and polymerization rate of the copolymer.
A new process whereby the comonomers are added incrementally is
dzscribed which greatly increases the productivity of the reactor and
permits control of molecular weight, Propellant made from copolymer
prepared in this manner has improved physical properties, fissuring

characteristics, and physical-property aging characteristics,
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1.0 INTRODUC TION

Practical utilization of NFPA! as a high-energy binder for solid
propellants has necessitated the use ot the prepolymer approach for
making the polymer. This approach is required because the polymeri-
zation reaction is highly exothermic, results in considerable shrinkage,
and is difficult to control if the reaction 1s carried out in a propellant
slurry. However, if NFPA is copolymerized in a suitable reactor,
with another monomer containing a functionality permitting crosslinking
when incorporated in the propellant slurry, the exotherm and shrinkage

problems can be easily accommocdated. In addition, process conditions

in the reactor can be €asily controlled and duplicated to produce a copolymer

with consistent compositional uniformity, rnolecular weight distribution,

and other related characteristics,

Previous work at these Laboratories [ 1, 2, 3] has led to the
selection of acrylic acid (AA) as the comonomer to be used with NFPA,
ethyi acetate (EtOAc) as the solvent for the reaction, and benzoyl
peroxide (BPO) as the initiator. The work covered in this report ex-
tends this work with particular emphasis in developing, experimentally
testing, and utilizing mathematical mode’s of the process. The scope
includes considerations of compositional uniformity, molecular-weight

distribution, and polymerization rate of the copolymer.

A new process for making NFPA-AA copolymer was developed
as a part of this effort, significantly increasing the productivity of
the reactor and permitting control of the molecular weight, Propellant
made from copolymer prepared by this new procecs has superior physical

properties and fissuring characteristics,
2.0 EXPERIMENTAL PROCEDURES AND RESULTS

Experiments to measure reactivity ratios and polymerization rates

were carried out on a small scale behind shields using 20 gm or less of

monomer. A sketch of the reactor used in the experiments is shown in Fig, 1.

INFPA: 2, 3-bis(difluoramino)propyl acrylate
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Open to Atmosphere
250-cc Glass Flask

Syringe Cap
Drierite

Reflux Condensor Thermocouple ~Glass Tube

Sand
Electric
Heating Mantle
Magnetic
Stirrer

DRIVER FOR MAGNETIC STIRRER

Fig., 1 Sketch of Experimentai Setup

CONFIDENTIAL

Ty

e

AL X, 5
[PRTR Y

AL TICE R T T TR T
L SR R .’" e ’g‘

1 4g pI

2

i

+

O A 424 o AR NP 8 YR

n
¥
>
H

5 S Sypes

e B LB

% Mo i

2
S

il
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The reactor, which was operated under total~reflux conditions at
atmospheric pressure, was formed from a 250~cc, threa<neck

* -
Pyrex® fiask., The reactor rested in a sand-filled heati:g mantle

which sat on top of a driver for a magnretic stirrer, The center

neck was covered with a syringe cap. A glass, water-cocled reflux
condenser fit in one side of the flask and a glass-covered thermccouple
probe fit in the other side. Thirty-gauge copper-constantan thermo-
couple wire was used in the probe, A Teflon®~covered stirring bar
was placed in the vessel, The reaction solution consisted of a mixture
of EtOAc solvent, the NFPA and AA comonomers, and the BPO
initiator. Approximately 2-cc  f £9~mesh Tefliocn powder was added
for a normal charge of solutio: {about 150 cc) to serve as boiling
chips, The Teflon powder is ron-abrasive, whick is desirable since
one of the monomersis explosive, and proved to be more effective

than glass beads in minimizing superheating in the liquid phase.
During an experiment, the solution was stirred with the magnetic
stirrer. A reference flask similar in all respects but containing

only EtOAc and Teflon powder was also used so that the boiliny-

peint elevation of the reactor soluzicn could be measured. The
thermocouple wires from both prcbes led to nearby mercury-filled

glass tubes which were immersed in an ice bath containing finely ground

crushed ice in water., Larger copper lead wires led from the ice

bath through a three-way, low-thermal-EMF switch to a Leeds and
Northrup! K-3 potentiometer. The K-3 pctentiometer has a guaranteed
accuracy of £0.5 microvolt which represented about 0.01°C in this

experimental setup.

Temperature histories cf bioth the reactor and the reference
flask were obtained. The temperature difference was measared
by first obtaining a hand-smoothed plot of the temperature history of

each solution, and then subtracting the temperature of the reference

*

wxx 1rademask of Corning Glass Works, 80 Houghton Park, Corning, N, Y,
Trademark of E. 1. duPont deNemours and Comparny, Wilmington, Del,
Leeds and Northrup Company, Rockland and Sterton Avenues. Philadelphia,
Pa,
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guantitative GC techrique {see appendix).
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Two expe-ineri~ were conducted. In the {irst experiment
(C-3) 35 mole percent of the moromer was NFPA and sixty-fiv
percent wzs AA. In the second experiment {C-6;, the percentages
were reversed. Monomer concerntration histories for experiment C-5

e preserted in Fig, Z. Similar results for experiment C-6 are given

in Fig. 3. Hand-smoothed curves are skowr on the figures which are
felt 10 be most representzative of the data. In drawing the smoothed
curves, ac irduction period equal to the time interval before the reactor
temperature started to drop was assumed, The inifzal monomer con-

cerirations obtained from the inirial batch weights were slightly

p:
-
(U]
[al
®
i
(e
e
]
]
!
-

ke initial concentrations obtzined using GC analysis
The average value ircm the two techniques was used in drawing
the initial conditions for the smoothed curves skown ox the

figures.

The discrepancy in the initial monomer concentrations could
be attributed to severzal factors. The most probable cause of the
difference is believed to be error in the GC analysis due o a lack
of adequate temperature control on the GC oven. OCther likely causes

are that the monomers may have been slightly impure or partially

U,

polymerized or that 2 small amount of polymerization occurred during
storage before the samples were analyzed, Primary emphasis

in this report is given tc the curves drawn thiough the average of the
initial concentiations from batch-weight and GC determinations as

snowp in Figs. 2 and 3. However, the data were also reduced using
curves (ot shown) drawn through initial batch weights as well as curves
drawn through initial GC data points., The copolymer reactivity ratios
and other resuits obtained using these two secondary techniques did

not differ greatly, and the resuits when averaged were the same as those

obtained using the primary data treatment.
3.0 REACTIVITY RATIOS

The composition of a copolymer formed by a free-radical
polymerization is generally considered to be governed by the copolymer

differential equation

(.ll IVII 'l’NT r_’]MM_*_ +r2[.1;§| . (1)
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Fig. 2 Monomer-Concentration History During Polymerization

Experiment C-5
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Weight Percentage NFPA in Reactor Solution

O NFPA } Gas~Caromatograph

T Aa Determiration
@ NFPA 7 Initial-Batch-Weight
¥ Aa Determination

Induction Period

Time at
which reactor
temperature
started dropping

—12.4

2.0

Weight Percentage AA in Reactor Solution

Fig, 3 Monomer-Concentration History During Polymerization Experiment

C-6

l [ i 1
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In this case, [ M] reprecants the concentration of AA in the solution,

[N] represents the concentraiion of NFPA, and r, and r, are <onstants
called reactiyvity ratios which must be determined experimentally.,

A derivation of the copolvmier equations and a discussion on reactivity
ratios can be found in standard texts on polymer chemistry [e.g.,

4,5]. Copolymer reactivity ratios are usually determined from a finite-
difference approximation of the copolymer diffcrential equation.

This technique is easy to apply, requiring only the initial slope of

a curve of [ M] versus [ N] for several experiments with differing

initial concentrations. Unfortunately, the slope determined from

curves of this type is always subject to more error than the curve

itself, It was felt that a curve~fitting technique which fits the integrated
copolymer differential equation to experimental data would be more
accurate than the standard technique., In addition, the integral

technique can utilize data obtained throughout a reaction rather than

just those obtained at low conversions., Therefore, reactivity ratios
derived {rom an integral curve-fitting technique should be more accurate

and representative of the entire process.

The ranonomer concentrations can be normalized by use of

the relations
CM = [M]/B and CN = [N]/B ’

where 8 represents the total concentration of monomer in the total
batch charge. Initially CM + CN = 1 for a batch process. Eq. 1

can then be normalized as

©y Sy . Oyt Cy @
ac Cn Cy T ™y

a form more convenient to use for curve-fitting purposes when
several experiments are utilized, The conversion or polymer fraction
P can be obtained from the normalized monomer concentrations by

use of the relation P =1 =~ CM - CN'
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Normalized concentration versus conversion plots were obtained
from the smoothed curves shown in Figs, 2 and 3 as shown in Figs,
4 and 5. The data points shown on these figures were obtained by
reading values from the smoothed curves of Figs. 2 and 3 at time
intervals corresponding to approximately uniform increments of
temperature drop (therefore, at approximate uniform increments of
monomer conversion)., These data points were the ones used in the
integral-curve-fitting scheme which operated as follows. A pair
of values for r and r, is assumed, the copolymer equation is integrated

1

. numerically on a digital computer using the initial concentrations
for the experiment, and the results are stored in the cornputer at
convenient increments of conversion. Then by interpolation, using a
parabolic fit to three stored results in the neighborhood of each data

point, the difference (P calculated - P experimental) is determined

for each reduced monomer concentration data point in the experiment,e.g. data
points on Fig, 4. Finally, the standard deviation of these differencesis calculated.
The standard deviationcanbe based on data from either one or both monomer con-

centrations. Data from more than one experiment canbe utilizedtodetermine a

single value of the standard deviation; of course, this requires a numerical

integration for each experiment from its initial condition. The above
procedure is followed for points throughout the region of interest in the
r,, r, plane. Then a contour map containing lines of constant standard
deviation is plotted on a graph representing the r, r, plane. The eniire
procedure was automated including the plotting of the graph; a minimum
of labor is required, Although a tremendous amount of computation is
required, the IBM 7094 computer time requirements are modest—

approximately 5 min per experiment.’

A contour map of the standard deviation in polymer fraction
(conversion) based on both monomers and both experiments is shown
in Fig. 6. The minimum standard deviation occurs at the point

r, =0.42, r, = 0.75, and these values are considered to be the best

! A more complete description of the reactivity-ratio-determination
procedure including a listing of the FORTRAN computer program
and other programs mentioned in the report can be obtained from
the writer.
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estimate of the copolymer reactivity ratios. When a similar data-

reduction procedure was emplyed using smcothed monomer .. oncentration

histories drawn through inif’al concentrations obtained from the initial
batch weights, the reactivity ratios obtained were r; = 0,40 and r2 = 0,60,
Similarly, when the initial GC analysis da‘a were employed, the
reactivity ratios were found to be ry = (.44 and r, = 0,90. The average
of the results obtained from these two extreme initial-data treatments
are ry = 0,42 and r, = 0. 75, the same as that obtained using the average
initial conditions as described above. It is felt that the differences in
these values serve as an indication of the magnitude of errors

resulting from inaccurate councentration measurements. The solid
lines in Figs. 4 and 5 were calculated using the best estimate of the
reactivity ratios, and the calculations are in good agreement with

the data,
4.0 POLYMER COMPOSITION

The reactivity ratios obtained from Fig. 6 are both less than
unity, indicating that there exists an azeotropic initial mole ratio
of monomers which will produce a perfectly uniform polymer with
respect to monomer composition, This composition is found by setting

the left hand side of Eq, 2 equal to the ratio CM /CN and solving
o e

the resulting algebraic equation simuitaneously with the relatisan

CM + CN = 1, where the zero subscripts indicate initial concentrations.
0 (]

For the reactivity ratio pair obtained using the a/erage initial
concentration employed in this report (r, = 0.42, =, = 0,75), the

azeotropic AA concentration is CM = 0,30, Similarly, for the one
0

extreme conditions of r, = 0.4. r, = 0. 6, the azeotropic concentration
is CM0 = 0,40; for the second extreme condition of r o= 0.44,

r, = 0.90, the azeotropic concentration is GM0 = 0.152, The co=
polymers of interest for propellant binder applications contain

low AA mole concentrations in the range of 15% (i.e., Cpy =9 15)
The composition conversion curve for a 96/4 NFPA/AA weight-

ratio copolymer (11.1 mole percent AA) is shown in Fig., 7. The

average composition is shcwn as a dotted line on the figure, and
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- \ 1
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F r.=0.75 ]
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& 0.41 B
=
"'0" rl = 0.4,
0, 3 r,=0.6 1

0 5 10 15 20 25

Mole % AA Instantaneously Going Into Polymer

Fig. 7 Compositior of Forming Polymer,96/4 NFPA/AA Weight Ratio

CONFIDENTIAL

B T,

RErwiad

"

s o s

R R S
S antihe

PRI S

Kanla v

-~

SN e L N

.\\ e -

P\ 38

1

SUN G | MR SO

i,

et L v
LN . N
P weta Sor o

ORI

pay

i

A

a,km’%-’*%zmm( 42y

e s VP 0

m&:;‘u\

e

s B e

92-



CONFIDENTIAL -15-

composition conversion curves of all three reactivity-ratio pairs
which have been discussed are inciuded. Similar resulis for a

94/6 copolymer are given in Flg. 8,

In an effort to confirm the reactivity ratios which were
obtained, ar experiment run previously by the Polymer Chemistry
G:oup for a 94/6 NFPA/AA weight-ratio pclymer was considered.
This «xperiment was carried out under reflux conditions at atmospheric
pressure _n EtOAc solvent. The data were analyzed with a GC apparatus
using toluene . s an internal standard. The toluene was added to the
solution just prior ‘o ire keginning of the experiment, and the samples
were analyzed immediaely after they were taken to minimize problems
due to evaporation of the to.:iene. These data are shown in Fig. 9

along with ~urves calculated for the reactivity-ratio pair, r,6 = 0.42,

1
r, = 0. 75. Partial results are also included for the other reactivity-
ratio pairs. The agreement between the calculations and the data

is excellent, although the calculated results for any of the reactivity

ratio pairs are not really greatly different.

) An interesting observation can be made by examining Figs. 8
and 9. The normalized monomer concentration-conversion curves

of Fig. 9 are not very differcont whercas the insiantaneous polyme..
composition~conversion curves of Fig., 8 are considerabiy different.
Another means of confirming the reactivity-ratio results is to stop

the reaction before it has progressed very far, separate the polymer
that is formed, and compare the measured AA cuntent of the polymer
with calculated results of the diiferent recactivity-ratio pairs., Infrared-
absorption calibrations obtained by the Analytical Chemistry Greup
indicate that the AA content of the copelymer can be determined to
withiiz 10% of the AA level by weight., Calculations were made to
determine if suitable experimental conditions could be found wlich would
allow a distinction to be made between the reactivity-ratio estimates.
Fig. 10 shows a plot of the calculated normalize? AA concentration

it of polymes {orvmed versus the normalized AA content

in the reactor solution, Calculated curves are shown for the two

extreme pairs of reactivity ratios along with a curve indicating the
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magnitude of the uncertainty of ihe inirared absorption analysis
mentioned previously, For normalized AA concentrations in solution
of about 0.16, or less, the calculated difference in the composition

of the first amount of polymer formed for the two extremes in reactivity
ratio pairs is more than twice tke uncertainty in the infrared analysis.
Therefore, it was felt that a distinction between reactivity ratios

could be made for an experiment conducted under these conditions and
accord:ngly a 94/6 weight ratio NFPA/AA copolymer batch process

was selected for this test, a process whkich initially has a reduced
solution concentration of AA of 0,161, The reaction was run to
approximately 20% conversion and stopped. The polymer was separated
and analyzed for AA content by infrared analysis. For the reactivity-
ratio pair, r, = 0.42, r, = 0.75, the calculated and experimental AA
concentrations for 20% conversion were very close—the experimental
value was 17.7 = 1.8 {15.9 to 19.5) mole % AA and the calculated

AA concentration was 17.6%. Use of r, = 0.40 and r, = 0. 60 resulted
in a calculated composition for 20% conversion of 20.1 mole % AA
while use of r; = 0,44 and r, = 0.90 resulted in a composition of 16.0

mole % AA.

Based on all of the above data it is felt that the best estimates
for the copolymer reactivity ratios are r, = 0.42 and r, = 0.75, The
other combinations which have been discussed are felt to indicate

reasonable limits for the reactivity ratios,

Reactivity ratios are useful in calculating detailed statistical
information about a polymer chain as well as for predicting its average
composition. In a recent paper by Ito and Yamashita [ 6], copolymer
composition and microstructure were discussed, The copolymer differential
equation is based on a simple terminal process and if this is assumed,
the authors give the following expressions for the number-average
run lengths of monomer units in the forming polymer chain:

EM =1l+r X, ij =1+ r,/X, where 2y is number=~average run
length of AA units, N is the number-~average run lengtns of NFPA

units, and X is the mole ratio CM/CN in the reactor at a given time,
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From these expressions it is evident that for the copolymers under

consideration, the number-average AA run length is never much

greater than unity,
5.0 TEMPERATURE ELEVATION

Considerable effort was devoted to obtaining an accurate ;
measurement of the temperature elevation of the actual reactor over :
a similar vessel containing only EtOAc, Consideration will now bc |
given to the theoretical temperature elevation in relation to monomer
concentration, and in a later section the temperature elevation will

be used in polymerization-rate studies.

The vapor pressure of a pure vapor in equilibrium with its

liquid phase is usually found experimentally to obey a relation cf

the type
B
NP = A - =
.Ln.-.v £ T , (3)

where Pv is the vapor pressure, T is the absolute temperature, and |

i
A and B are constants, When a vapor is in thermal equilibrium with
an ideal mixture of liquids, the partial pressure cf a component in

the vapor phase is ideally represented by

—
N
N

P, =X P s
i i7w,
i
where Pi is the partial pressare of the ith vapor component, Xi
is the mole fraction of the ith component in the liquid phase, and PV
i
is the vapor pressure that would exist at the 1nixture temperature if

a pure liquid phase of the ith component were present,

Each reactor was constructed so that it could operate at
atmospheric pressure, The vapors were condensed and returned to
the vessel and the vapor volume was small enough that the mass in

the vapor phase could be reglected. Moisture was prevented
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from entering the reactor by the use of a Drierite®*column for the
vent to the atmosphere. In this reactor, the total pressure of a well-
stirred, boiling ideal solution is atmospheric P’I’ and equal to the
sum of the partial pressures of the components in the reactor. That

is,

P =z X, P (T) . (5)

The boiling temperature of such a mixture is that temperature necessary
to establish the pressure equilibrium indicated in Eq. 5, Each
component i contributing to the pressure has a vapor pressure-temperature

relationship of the type given in Eq. 3. Thus Eq. 5 can be written as

A, =B /T
Pp = ine : ! . (6)
1

Eq. 6 can be solved by an iterative technique to obtain the mixture
boiling temperature T. Newton's method has proved to be a convenient

iterative technique for computer use.

Polymer molecules make a negligible contribution to the

pressure and mixture mole fractions due to the very large molecular

weight of the polymer. Therefore, the important components in Eq. 6

are the solvent and the comonomers. The initiator also makes a minor
contribution tp the mole fracticn, but exerts no appreciable pressure
since it is a dissolved solid. Vapor pressure data for the EtOAc solvent
and the AA monomer were obtained from a standard reference [ 7], but
the NFPA vapor pressure was measurec | 8], These data are shown
graphically in Fig, 11. Calculations were made of the reactor tempera-
ture elevation as a function of conversion for experiments C-5 and C-6.
These calculated curves are shown with the corresponding experimental
data in Flig. 12. For these calculations, the reactivity ratios were
assumed to be r = 0.42 and r, = 0.75. However the temperature
elevation calculations proved to be very insensitive to reactivity ratios,
The agreement beiween the theoretic~l and experimental temperature

elevation is satisfactory.

Trademark of W. A, Hammond Drierite Co., 122 Dayton Ave., Xenia, Ohio.
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4, 0— O Experiment C-5

[\ Experiment C-6

Theoretical curve for Experiment C-5
based on average initial conditions and
r1=0.42, r,=0. 75
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Fig, 12 Temperature Elevation vs. Conversion
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6.0 POLYMERIZATION RATE

A sufficiently accurate mathematical model of the polymeriza-
tion rate can be of considerable value in process development. Since
the copolymers of interest in this report are composed largely of NFPA,
with the AA content being 12 mcle percent or less, the simplest choice
for a rate model is to assume that the copolyraerization can be treated
as a homopolymerization. This choice is more logical for copolymerzs
which form a reasonably uniform produc

apparently do. The kinetics of free~radical-induced homopolymerization

t su

are described by the eguation

~

~ -L
AM] . x(M)[1]F (7
where [f/l] is the total monomer concentration, [M] = [M] + [N],
[1] is the initiator concentration, t is time, and K is the polymerization

rate constant.

A derivation of the rate expression given in Eq, 7 can be found

in standard texts [e.g., 4,5]. One assumption made in the derivation
of Eq. 7 is that chain termination occurs from radical interaction
(either coupling or disproportionation). A kinetically similar situation
exists when radical chain transfer occurs with the sclvent, The chain
transfer step is one in which a growing chain is terminated by abstracting
a radial fragment from a solvent molecule, The remaining solvent
molecule fragment then initiates a new polymer chain and in effect does
not influence the overall polymerization rate, Chain transfer, however,
does exert a large influence on polymer molecular weight. A discussion
of the effect cf chain trans n polymer molecular weight is given
in Section 7. It is believed that chain transfer is the dominant mode

£ chain-growth terrnination in the processes under consideration in

this report, and some justificaiion of this belief is given in Section 7.

6.1 Initiator Decay Rate

Considerable work on the decomposition of BPO initiator has

been reported in the literature and much of this work is summarized
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by Tobolsky and Mesrobian [9]. The spontaneous decomposition rate
of BPO has been found to depend on the solvent. For EtOAc solvent,

the decomposition rate of BPO is correlated by the equation

Al .k (m (8)

dt
where [I] is the initiator concentration in litgoi?ssglztci)on and
k, = 1.51x10% exp —‘-'1—5—’-3?9— /min, (9
d Tabs K

If 2 large radical concentration is present, radical-induced de-
composition of the BPO may also occur. For very large concentra-
tions of BPO in EtOAc solvent, radical-induced decomposition has been
found to increase the decomposition rate by a factor of 5. However,

if the BPO concentration is low and monomer molecules are present, the
radicals tend to attack the mo;zomer molecules in preference to BPO,
Therefore, for the polymerization conditions used in this work it was
felt that the initiator decomposition equations given above should

prove suitable for use,

Nevertheless, some experimental verification of the decompo~
sition rate was desired. Attempts to measure the BPO concentration
in samples taken from the reactor as the reaction progressed were

™™ A

abandoned after several problems arose. (Presence of the NFPA

molecule exciudes from use most conventional quantitative analysis
techniques for measuring BPOconcentrations. In fact, the presence

of NF;, groups has been found to interfere with many conventional analytical
techniques.) An indirect verification of the accuracy of the decomposi-
tion rate was provided by some preliminary experimental work on an
incremental-addition copolymerization process. In this preliminary
experiment, EtOAc solvent, BPO initiator, and a mixture of butyl

acrylate and AA monomers were placed in the reactor and heated to the

reflux temperature., The temperature elevation was measured by the
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technique described earlier. Wken the temperature elevation had
dropped by 40%, an additional charge of the monomer mixture was
added to bring the temperature elevaticn {and therefore the monomer
concentration) back to the original value. This addition procedure was
repeated four times. The polymer that was formed exerted only a
small influence on the monomer and initiator concentrations by a
dilution effect. Therefore, the major change in the polymerization
rate from one addition to the next should come from a reduced initiator
concentration due to initiator decay. If the initiator-decay rate
constant given in Eq. 9 is correct, the polymerization rate after the
fourth addition should have been reduced from that of the original
charge by about 30%, Fig. 13 shows the temperature elevation as a
function of time after each addition for this experiment. From this
figure it can be seen that the response time of the first addition was
about the same as for the original charge and that the response time
of the fourth addition was increased by the appropriate amount {about
40%). Therefore the initiator-decomposition rate constant given in

Eq. 9 was assumed to be satisfactory.

6.2 Polymerization=-Rate Correlation

Polymerization-rate data were obtained by three different
means, One ter’ ~igque used was to follow the monomer-concentration
histories in a reactor by analyzing samples taken from the reactor using
GC techniques. A second technique was to follow the temperature
elevation in a reactor operating under reflux conditions. Boch of these
techniques have been discussed above, A third technique was to follow
the shrinkage of a sample in a dilatometer which is immersed in an
isothermal bath. When the third technique is used, conditions which
produce high polymerization rates mus‘ be avoided or a nonisothermal

condition will exist, The dilatometric-shrinkage-rate data included

ot

his report were for conditions which produced low reaction rates

I

[

and negligible exotherms in the dilatometer, Other data have been
obtained and reported in the past by others which did not always

meet this condition. Temperature exotherms in dilatometers were
measured for several conditions to establish that the data included

in this report were reliable,
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szl of the accepiable porvmerizatior-rate cata that was obtzined
involving mixiures of NFPA ard AA mornomers «nd BPC inlitator

were successiully correlated by & sizg

[

e polymrerizaicn-rate model
The procecure used 1o ¢bilalr tke £ral mode] was tortuous and irdirect.
The rate model in&cated iz Eg. 7 was fouzd 10 be inadequate in some
< L2 early experimerts. Several rmew models werc hypotkesized and

2l
those whick could be made 10 £t the avaiiable dzta were tesied with

adcditioznzl experimerts whick were Cesigned 1o tes: their vaiidizy.

Fizally a mode! was fourd whick ~orrelated ali of the data satisfactoriiy.

In Bitirg comnstaris 10 the pelymesizatisn-rate mcdel, ro effort
was macde 10 inc rde the rate dz"z shieciaed im the reactivity-ratio
experiments {described abave) waich contained kigh AA contents.
Efforis were restricted o experuments in which tke monomer cherge
was 94 or more weight percent NFPA. However, after the firal
correlativn was obtained, the model was found to represant the high-

acrylic-acid-content dzia as well,

The Snal rzte model chosern included the indiiator decay rate

iven previously in Egs. § and 9. The polymerization rate model _iven

. (,3

Eg. 7 was modified 0 the following itzm,

B

3] M 3
ﬂd_;_]_ = Ki[M} (12 . {10}

The rate constant K was describzad by the Arrhenious-ivpe relation

) |
- -15 1 i
K= 1.8x10° exp | 12:000)  (moles BPO/D) =y
abs e

The factor f was included to zccount for the obszrved decrease in the
rate constant as the polymer concentratior in the solution increasecd

The equation describing f was fourd to be
3 g

£ = e-O. 8Q (12)
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where Q represents the moles of monomers incorporated in polymer
per liter of solution. It should be emphasized that several rate
experimerts with different ipitial values of Q were included in the

esults and that, of course, Q increases as a reaction progresses

(4]

®

ven if there is po initial polymer present.

A digital computer program was written for the rate model
described by Egqs. 8 to 12, The program has the following features:
(1) A ccnstan: temperature may be specified or a reflux operation

atmospheric pressare can be used in which the bolling temperature

(o1
o 8

calculated as the reaction progresses. {2} Polymerization shrinkage

accounted for in the concentrations based or ideal solution behavior

hoho
i

(+]
ob

f the components. {3} The assumption is made that the polymer pro-
cdecti which is formed kas the samc compositior 2s the monomers

in the reaction solution. (Previous work descrided in the report

indicates that this assumpzion is approximately true. Also, it was found
that the reflux temperature is very strongly dependert on the total
monomer corncentration and only very weakly dependernt on the monomer
composition.) (4) The program is written in FORTR AN language

and em.ploys ar explicit-Enite-difference techrique to solve the differential

eguations,

Since there is no one rate constant which can be easily obtained
and presentzd graphically to demonstrate the success of the correlatior,
the experimental data is presented along with corresponding calculations
in Figs, 14-22. The differences between the calculated curves and the
data shown in these figures is due in part to experimental error, in part
toerrorsinthe polymerization-rate model, and in part due to errors
inr the temperature elevation model. In all cases the induction period
ends with the zero time shown on the figures., This includes all of
the available poiymerization~rate data using BPO initiator which was
judged to be sufficiently accurate to use. In Fig. 14 the polymer
fraction history is presented for the da.a previously shown in Fig. 9
in conjunction with the reactivity-ratio work. Figs. 15 and 16 give
the temperature-elevation histories of the two experiments whica were
used in the reactivity-ratio determination and previously discussed

in Section 3.0. The data obtained from an early attempt to utilize
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a small-scale addition process is shown in Fig. 17. In this experiment
a new charge of monomer was added each time the temperature dropped
a predetermined amount. The monomer was added remotely from a
graduated burette by operating an air valve which in turn actuated a
pinch clamp on a rubber hose connecting the burette to the reactor.

The monomer level in the burette was monitored on closed=-circuit
television. The quantity of monomer added in each charge may not
have been exactly the amount desired due to experimental difficulties.
A fourth addition was made but the material becomes too viscous for
the magentic stirrer to operate properly and no meaningful tempera-
ture measurements were obtained for this addition. In Fig. 18

data from two experiments are shown which was obtained for a 95/5
NFPA/AA monomer weight ratio with no initial polymer., Figs, 19

and 20 present data obtaired under similar conditions where polymer
was added to the original mixture. The monomer concentration history
obtained from dilatometer shrinkage data at 75°C for NFPA monomer

is shown in Fig. 21, and similar results at 70°C are shown in Fig. 22,

The overall agreement between the calcuiated results and the
experimental data is considered excellent. The data were obtained
for a wide variety of experimental conditions which when considered
together severely test the rate model. The fact that excellent overall
agreement is demonstrated for such a wide variety of conditions iends
confidence to studies involving mathematical simulation of the process,

7.0 MOLECULAR-WEIGHT MODEL FOR CHAIN TRANSFER WITH
SOLVENT

7.1 A Few Observations

As mentioned in Section 6, it is believed that for the system
under consideration, radical chain termination is primarily a result
of chain transfer with the solvent, While there is no absolute justi-
fication for this hypothesis, there is much qualitative supporting evidence,

some of which is given in the following paragraphs.

It has been experimentally observed that the molecular weight
of the copolymer product is relatively independent of initiator con-

centration over a very wide range of initiator concentrations. This
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observation is in agreement with ihe chair transfer hypsthesis but

in sharp disagreement with stardard-radical-interaction behatior,

If consideratior is given 10 the number-average moleceiar
weight of the copol smer formed {e.g., M_ - 9,300 iz experiment
i C-7, Fig. 17) in relation to the initiator decay rate ané the polvmeri-
zation history, the cozclusicon is reached that less thzn about ore-
Hith of the polymer molecnle exds can contain ac initiator fragment.
Szain this observation is compatible with chain-transier dbehz Gor

but ir cornflict with stazdard-radical-interaction behzvior.

However, tke assumplion of chain-transier terminstion must

be considered as ornly 2 tentative or working hypothesis uztil

considerzbly more research is dozne.

7.2 A Simple Model for Molecuilar-Weight Distribution

In 2 sitpation where chain transfer with the solvent is the domirant
o >3e of termiration, the following simple model will yield the distri-

butisn of molecrlar weights formed, 2ssuming homopolymerizarion.

e M._> soe

¥

I —

S
DU .‘

}
v
I3

In this sketch, Mﬂ- represenis a2 growing chain cont2ining n monomer
uznits and Pn represents a dead polymer chain coniairing n mornomer
units. In general Mn- can undergo two competirg reactions: propagation

or chain transfer. The propagation-reaction rate expression is

dM )
&

= M 1M (13

and the chzin-transfer rate is

CONFIDENTIAL

—— e e e e ———————




TS AT

Vs A T 37 SRRSO B Rl B R oy e

AR RSN s TN T N TR L R T I

arr TETE T

Eeevis

~e wald T

AR e hTA SRHT VR TT TT WT T e

wre 40T W by VAT e v« & ST xan 0T vy r ke

rrd g ibbgere sy T by Tums Je

Ll DL TR

3

Aaipmp v wT g

Far o wan

(RTINS T Pty

¥ or v T T

AL

Fe

o

oy

i
]
!
|
i
E
i
'
I

CONFIDENTIAL ~4]-

d[Pnﬂ ] ~ )
- =& [M-1[s] . (1<

where the terms in brackets reier to concentrations, kD is the
propagztion cozsiant, k, is the chain-transfer constant and (s
is the fixed solvert corncentration. I follows that the probability

of prozagation is

P =
and that the probability of M!; terminating throughk chzir transier is
X
- 14
P T IMI K (16)

wheze X = k[ S| /%,. The probability of [ M,-] is assumed to be

unity. The probability of forming 2 polymer molectle with n units

becomes
i i n-1 : ]n-l
= | M} X _ KM s
P T T = X M=% -1 +9% - (¥4

and it follows that the sum of this probebility fromn=1 to =z = is
unity. Eq. 17 provides the number distribution of molecules formed
at 2 particuler monomer coccentration [Afj. From this, the weight

distribution can be obiained in normalized form as follows.

P = «(18)

The chair length containing the greztest mass fraction n' can be
obtained by differertiating the right side of Eq. 18 with respectton
and setiing the result equal to zero. Since the denominator is a constant

it may be disregarded, and it foiiows after some rearrangement that
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el/n'

=1 —2--%.'- . (19)

For large n the approximation can be made that

e.l./nl ~ 1 + :_' . (20)

from which it follows that

_ Ia
ol = St . (21)

if n> 5, the error in Eq. 20 is less than 2%. The cdictributions
obiaired so far apply only for the poiymer formed ai a paril
concentration of monomer. Thko distributions in the Spz. ~r
are of move practical interesi. Consider 2 baich process in which the
monomer conceciration is originally [Mo} and decreases to zero
2s the conversion to polymer goes t0o completion. The normalized

number distribution in the final prodect becomes

= . 22
q, = N (22)
5 (e
n=1 i

The normalized weight distribution in the fipal

M :
X) Pw_ dM

product becomes

Q = . (23)
n Mo
1N
S.o Pwn ¢
n=1
CONFIDENTIAL
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The upper limits on the summations in Eqs. 18, 22, and 23 can be
replaced by a sufficiently large finite integer without appreciable

error resulting. The remaining integrals can be easily integrated
numerically, Figs. 23 and 24 show calculated number and weight
distributions formed for several fixed monomer concentrations. Figs.

25 and 26 show similar integrated results for a batch process. All
calculations were based on the assumed value for K of 0.02 moles/¢.
This value was selected because it gave number-average molecular
weights in fair agreement with the observed results. An interesting
research project would be to try to reiate this chain-transfer-termination

model to measurable properties of the polymer.
8.0 DEVELOPMENT OF INCREMENTAL-ADDITION PROCESS

Two objectives were considered important ir this copolymer-
process-development work. Tke first was to increase productivity
by increasing the final polymer concentration in the reactor solution.
The second objective was to achieve proper control over the copolymer
compositional uniformity and molecular weigni distribution. Implied
in the second objective is a satisfactory trade-oif between propellant
physical properties arnd processing and mixing difficulties. Both
of these objectives can be met to 2 high degree by the use of an
incremental-addition process (IAP). In this process, a charge of
morcmers is added to the reactor and a portion of the polymerization
is allowed to occur. Then another charge of monomers is added to
restore the monomer concertration to the original level and additional
polymerization occurs. The addition procedure can be repeated

several times,

If 2 pre-charged batch process is used to obtain a2 high final
polymer corcerntration in the reactor solution, high monomer con-
centrations must be used. These high corcentrations are undesirable
because they increase the probability of a runaway reaction which
could produce a considerable exotherm. Such exotherms must be
avoided since NFPA is an explusive. By using the incremental
addition technique, lower moromer concentrations can be used to

achieve a high final polymer concentration.
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0.008 T T T T T T | E—— T T T T

G.007

K = 0.02 moles/¢ Assumed

1

0.006}
0.005 [M] = 0.245 moles/ £
0.004f

_—[M] =0.538

0.003

0.002

Normalized Number Distribution in Forming FPolymer - Py

0.001

0.000
0

20 40 60 80 100 129
n = Numbexr of Monomer Units in Chain

Fig. 23 Calculated Number Distributions in Forming Polymer

CONFIDENTIAL




CONFIDENTIAL -45-

[ VTS AN N,

0.0 T | ! | ' I ' I ' ! ' I ! |

K =0.02 moles/§ assumed

0.03f -
a
ﬂ; -3

[M] = 0.245 moles/g

0.021

—_— & = 75
o.o1H [M] =0.755

< [M] =0.997

Normalized Forming Weeight Distributions

0 20 40 60 80 100 120 140

n = Number of Monomer Units in Polymer Chain

Fig. 2% Calculated Normalized Weight Distributions for Particular Monomer
Concentrations
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0.08 l T l | T | ;
0.07 |1 -
Number-Average Molecular Weignt
M = 5200 {26 Monome~ Units)
0.06 {1 —
Precharged Batch Process
= [Mo] = 1.0 mole/?
' K = 0.02 moles/f assumed
5 0. 05} -
2
2 o0.04} -
e
£
Z
9 _
S 0.03 -
2
£
o
Z
0.02 .
0.0l
] 1 1 ‘
0 20 19 i 8o 100 120 140

n = Number of Monomer Units in Polyraer Chaia

Fig. 25 Calculated Normalized Number Distribution Integrated Cver Varying
Monomer Concentrations
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The polymer tends to form a copolymer with fairly good
compositional uniformity as shown in Figs, 7 and 8., For this
reason it was decided to mix the NFPA and AA together and to add
portions of this mixture to the reactor. While it is theoretically
possible to obtain a slight improvement in compcsitional uniformity
by using a different ratio of NFPA/AA in eachk addition, the use
of this technique was not felt to be worth the extra effort in this case.
Previous work has led to the selection of the 96/4 NFPA/AA weight-

ratio copolymer and this ratio was used in developing the IAP.

The molecular weight of the copolymer is believed to be
determined primarily by chain-transfer chain-growth termination
with the EtOAc solvent as discussed previously. Accordingly,
to a first approximation, the molecular weight of polymer being
formed at any time is proporiional to the monomer/solvent ratio
at the time the polymer is formed. (A polymer chain is considered
to be formed instantaneously for practical purposes.) In fact, the
peak of the molecular-weight distribution of polymer being formed
at any time is directly proportional to this ratio at the time as can be
seen in Eq. 21. Since the temperature elevation has also been shown
to be related to the monomer/solvent ratio, the temperature elevation
serves as an indication of the molecular weight of the polymer being
formed., The IAP offers a means of controlling the monomer con-

centration and hence the molecular weight distribution.

Several processes were studied ir selecting the particular IAP
to be scaled up. Three of these which will be discussed in detail
are listed below: (1) the standard pre~charged batch process (24%
final polymer concentration), (2) a 30%~-final-polymer-concentration
IAP (30%-1AP) having a relatively low molecular weight, and
(3) 2 39%-final-polymer-concentration IAP (39%-IAP) having a
relaiively high molecular weight. The third process was selected
for scaleup since it proved to be the best for making RH-SE-103
propellant, the composition for which the copolymer was developed
(see Table I). It is expected that the copolymer made by this particular

IAP might not be optimum for similar propellants with different solid
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loadings, ammonium perchlorate (AP) particle sizes, or TVOPA!/

copolymer ratios.

! Composition of RH-SE=1{(3 Propellant

Percent by Weight i |

Aluminum 15

AP (55 1) 1617

TVOPA 26 :

NFPA/AA Copolymer (96/4) 13 |
100 Total

T Unox® * 221 di-epoxide curing agent is added to the above
mixture, Typically 1-1/2 parts of curing agent are added for each
100 parts above which results in an epoxide/acid equivalence ratio
of 1.5/1. (An assay on the curing agent indicates approximately
139 gm per molar equivalence of epoxide.)

T The AP contains 1% Alon-C®** which serves as a stabilizer and an
anti~-caking agent.

Plots of calculated temperature elevation versus conversion

£1 omn ¥

N for each of these three processes are shown in Fig. 27. To a first
approximation, these plots serve as a picture of the molecular
weight of the polymer being formed since the temperature elevation
and polymer molecular weight have been shown above to be directly
related. The seiection of the initiator concentration and the addition
times was accomplished by using the polymerization-rate model

previously described.

In making copolymer by the standard batch process, the
ingredients are charged to the reactor, heat is applied, and the
reactor is refluxed overnight at atmospheric-pressure, The in-

gredients are mixed with the following weight percentages: 75.72%

TVOPA: 1, 2, 3-trisla, R-bis{difluoramino)ethoxy] propane, a
" plasticizer. .
. Union Carbide Corporation, 270 Park Avenue, New York, N.Y.

** Cabot Corporation, 125 High Street, Boston, Mass.
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EtOAc, 23.08% NFPA, 0.96% AA, and 0.24% BPO, The overnight
reflux is necessary in order to consume the BPO; residual BPO has
been shown to cause fissuring problems in propellant—probably from

the carbon dioxide which is released by initiator decomposition.

The procedure for carrying out the IAP is slightiy more com-
piicaied, The EtOAc solvent and the BPO initiator are placed in
the reactor and refluxed at atmospheric pressure for at ieasi 5 min.
During this period, inhibitors in the solvent such as dissolved oxygen
are consumed and the induction pericd which occurs after the monomers
are added is greatly reduced. Th=2 induction period after a monomer
addition using ihe above procedure is about 1 min or less, which Is
a small fraction of the time between additions, Fig. 28 shows the
calculated temperature elevation history for the 30%-IAP along
with the batch recipe. Similar data for the 39%-IAP is given in Fig.
29. After the final monomer addiiion step, the reflux is continued

overnight as for the standard process.

A 35%-IAP, which was idertical with the 39%-IAP except that
the last addition was omitted, was also studied. A summary of data
ior the copolymers made by the various recipes is given in Table IIL
Inciuded in the table are viscosity data on the 2/1 TVOPA/copolymer
weight-ratio binder mixture {referred to as the TP binder mixture or
simply TP). The intrinsic viscosity included in the table is felt
to be the best indication of relative copolymer weight-average molecular
weight which is important to propellant physical properties. Two
number-average molecular weights are given, The first value was
obtained by stripping all of the solvent from the copolymer and
measuring the number-average weight by use of a Mechrolab! Model
301 vapor-pressure osmometer, 7The second velue was obtained by
first precipitating the polymer in pentane, which eliminates 1-2%
by weight of the polymer by leaving a low molecular-weight fraction
dissolved in the pentane. The polymer was then redissolved and

stripped and the number-average molecular weight measured., The

! Mechrolab, Inc., 1062 Linda Vista Averue, Mountain View, Calif,

CONFIDENTIAL




o - . 2 e

dVI-%0¢ ‘Ax103sTy] uolyessig-oanjeasdwe ]y g7 °*S1g

'
~
7y
! TN~ 9WIL L, .
|
06 08 oL 09 0s oy 0¢ 02 ot 0 i
¥ — T — ¥ — L) — i — ] — L) _ L] — ) — L o ) !
i
| |
! f
j
— —s°0
- L P Ene =
(utwr ¢ *9% pue ‘0°L2 ‘0°21 JO sPW} 3B peppe 9q OT) m
@ VvV "3 4q sized 07 '0 3 <
m | . VAIN ‘IM 4q s33ed 08°% Ho't n W
YV "IM 4q sixed 09°0 ; =3
8 VAIN ‘1M £q sized 0% 1 :(¢) seBaryD uonPY m i
*IM 4q s3xed 21°0
— (xnyyea 3e 23® Ogg pue Omm. . ——
L OVOIE 1033% 019z HW PVOId "imM 4a s33ed 000 0L 2 Z
m je poppe 2q 07) {981ey) 12848y 103BRTUT 61 S o)
w1 — XDWOUOIN [eUIBIXO) pu® jusajog T =& ()
g w
' {
D>
H
= oz ' :
O i
i
- s'2
SUOT3IPPY ¢
a8avy) 1RUISTIO UT IBWOUOW %06
JONPOIJ TRUTY UT ISWATOJ %0¢
J
] ] /] 1 /] ] L ! ) I ] I 1 | 1 | 1 | l 0 .M !




«-53-

dVI=%é6¢ ‘A103s1yy uoneAR[g-sanjeradwe I 62 *Sta

U -oWILL,

06 08 0L 09 0s (414 o¢ 0¢

CONFIDENTIAL

] | | | 1 | ] ]
(urw ¢, pue ‘9y ‘9z ‘[1 Jo sowiry 3B poppe oq 01)

VY *am Lq sjaed ¢£7°0
VJIIN *Im £q s3zeq 09°g

:(¥) sedaeyd uonIPPY

VvV "im £q stxeqg L0
VJIN *3m 4q s3aeg g° 91

: odd "im Aq s3aeg z1°0
(xnpgaa je 21w Oag pue = R
SVOIT 10938 0197 SWn 32 oVOId *Im £q sired 00°59
poppe 9q o1) EY T ) t93xeyn I0JBRIJIUT
IDWIOUOW 1eUurdtr pue jusAjog

CONFIDENTIAL

I, = IV - uomyerdiy sanjexadwa ],

|
|
|
!
|




CONFIDENTIAL -54-

first technique probably includes a small amount of residual monomer
and probably results in a lower~than-actual value., The second
technique has probably not included a significant number of low-
molecular-weight polymer molecules and probably results in a kigh
value. The true number-average molecular weight is probably
between the two figures given in the table. The large difference
between the two number-average molecular weights shows that a
significant amount of low -molecular~weight pelymer was present.
Additional experimental work is being done in the area of copolymer
molecular-weight distributions using gel-permeation chromatography
and through careful fractionations of the copolymer and will be

included in future reports.

Table II

Copolymer Data

Standard
Process 30%-IAP 35%-IAP 39%-IAP
Number-Average Stripped =€000 =6000 =£000 %6000
Molecular Weight only
Precipitated =9300 - - =12000
in pentane
. and stripped
Intrinsic Viscosity 0.21 0.22 C.31 =0, 40
(deciliteis/gm)
TP<Binder Viscosity .10 0.07 0.30 0.41
at 100°F, KP

Additional TP-binder viscosity data as a function of temperature
is given in Fig. 30, and similar propellant-slurry viscosity data is
given in Fig. 31. The average AP particle size was 55 p except in

- - one instance where 15 p AP was used with the 39%-IAP copolymer,
The only condition for which mixing problems might exist is the one

instance with the 15 p AP, The relationship between TP-binder

viscosity and propellant-slurry viscosity when the copolymer recipe
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6.0}— —
= O 29%-IAP _
4. 0— —
| ©® 35%-IAP _
/A Standard Process 7
2.0 O 30%-IAP —
1.0— —
0.8 l— ]
% L -
v 0.6 @) }/ —_—
2 -
-8 -1
0
@ 0.4 —
> @) 7]
= - / -
e
;5 -~
. 0, 0.2p —
&
0.1— —
B 102°F) (95°F) (82°F) m
0.08™— ( I l I —
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1.70 1.75 1.80 1.85 1.90
Reciprocal Absolute Temperature x 10® (°R)"*
Fig. 30 Propellant Binder Viscosity 2/1 TVOPA/Copolymer Weight
Ratio
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Propellant Made With:
60.0 [ +  399%-IAP (15 p AP) 7
O  39%-IAP (55 u AP)
0.0 — % (55 p |
— ® 359-IAP (55 p AP) —
- —
O 30%-IAP (55 p AP)
A Standard Process
20.0 — —
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Reciprocal Absolute Temperature x 103-(°R)™*
Fig. 31 Propellant Slurry Viscosity
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ard the AP particle size are kept constant is shown in Fig. 32, The
data in Fig. 32 were obtained by reading data from the curves in
Figs. 30 and 31 at compzarable temperaturec; the linear relationships

. result from the linear treatment given the data in Figs, 30 and 31 and

are obviously somewhat tenuvous,

- The final polymer concentration in the reactor must be low

SO

v

enough to allow adequate mechanical stirring with a comfortable
factor of safety. In selecting this value, considerable judgment

must be exercised based on the available experience. This con-

St e A

centration was increased as the process was modified and additional

T

increases could probably be made over the 39% value, the highest value

attemptedtodate. Fig. 33 shows the viscosity of the 35%-1AP co-

Griatyss:

K polymer and EtOAc solvent as a function of copolymear concentration.

From this figure it can be seen that the solution viscosity increases
rapidly when the copolymer concentration reaches approximately

the 50% level. In addition to the viscosity limitation, the polymeri-

zation rate decreases significantly with high poiymer concentration
as can be seen by reviewing Eqs, 10 and 12, For this reason, a
nearly complete conversion of monomer to polymer might not be
obtained from the overnight reflux if the final concentration were

greatly increasedabove the 39% level,

i Comparative propellant physical properties are shown in Fig. 34.
? In this figure the maximum stress and strain at maximum stress are

i shown as a function of temperature., This data was obtained with

‘ \ standard ICRPG test specimens in a uniaxial extension test at

a crosshead-separation rate of 2 in./min.! T

he propellant made from

the 39%-1AP copolymer obviously has the best combination of physical
properties, This figure demonstrates the very large effect that the
copolymer has on propellant physical properties. The epoxide/acid
equivalence ratio has an important effect, alihqugn perhaps notasgreat an

effect as the copolymer, and the AP particle size is also important,

! Interagency Chemical Rocket Propulsion Group (ICRPG) Solid
Prepellant Mechanical Behavior Manual, Section 4,3, June
1963.
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'. @ Standard Process (55 p AP)

b ’ @ 39%-1AP (55 p AP)
- @ 39%-1AP (15 p AP) %}i
3 16.0F ;:%
- / i
E 14.0F 53
K& ;Eé
/ :
12. 0 / 3
o 8
2 / =
@ 10.0} / 5
S / / |
0
:: Ly
>
h
B 8. OT / / /
> /
: o
S
9 6.0
Q
0
- =
A
4.0
2.0
e 1 1 1 1 L 3
‘ 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
TP Binder Viscosity - KP
Fig. 32 The Relationship Between Propellant-Slur 'y and TP-Binder Viscosities
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Strain
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| Copolymer \O_
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Strain at Max Stress = € - %

Comparative Physical Properties,RH-SE~103 Propellant, 55 AP,

1.5 Epoxide/Acid Equivalence Ratio
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For example, propellant made with the 39%-IAP copolymer and

15 p AP (rather than 55 p) had the following physical properties:

[" 2 838/18 at ~40°F; [gl(%ll} = 114/24 at 77°F; and
0,

€
° max

] max

[0' si)]
€% max

If the TVOPA/copolymer ratio is held to within a few percent

73/22 at +140°F.,

of the specified value, and the TP binder is stripped to approximately
99.5% nonvolatiles, the propellant physical properties have been

found to be very reproducible,

A strong correlation is observed between propellant fissuring
behavior and high-temperature mechanical strength. Propellant
made from the 30%-IAP copolymer, which had the lowest strength
(see Fig. 34), had a time-to-fissure of 100 hr in the 2-in. cube,
80°C (176°F) fissuring test. Propellant made from the standard-
process copolymer, which has an intermediate strength, fissured at
450 hr., Propellant made from the 39%-IAP copolymer which has the
highest strength did not fissure in 1500 hr at the elevated temperature.
In the last case, it is expected that the 2-in. cubes might last
indefinitely at 80°C because an equilibrium condition between the
gas generation and gas escape by diffusion is believed toc have been
established.,

The high-temperature, mechanical-prcperty aging characteristics
of RH-SE~103 propellant are an area of concern, but preliminary
data from propellant made with the 39%-IAP copolymer looks promising.
Two-inch propellant cubes which were subjected to 1500-hr storage
at 80°C without fissuring were cut into small tensile specimens after
the termination of the fissuring tests., The maximum stress at 77°F
was found to be 90 psi which compares with 86 psi before high-
temperature storage. No reliable strain data could be obtained from
the small samples, buc it seems unlikely that the strain capability
could have changed greatly without the stress also changing. Fifteen
hundred hours (or 63 days) at 80°C is a severe test for fissuring or

mechanical property storage, and the 2-in., cubes appeared to be as

CONFIDENTIAL

- R R T P TR S




?
F}-
K>

CONFIDENTIAL -62-

sound as when placed in the oven, FPropellant cubes made from the
standard-process copolymer became hard and brittle after similar
storag=, and, of course, they fissured after about 450 hr. The
difference in the fissuring behavior is attributed to the higher
mechanical strength. No explanation is offered for the improved

mechanical-property stability,

It is felt that improved control over the molecular-weight
distribution was obtained in the new process and was responsible for
the significantly improved propellant properties. Additional ex-

periments are planned in which the 39%-IAP will be stopped at about

70% conversion. The polymer will be removed and made into propellant.

It is expected that using this technique (which eliminates the low-molecular-

weight-molecules produced during the tail end of the reaction) will yield
additional improvements in propellant properties, but substantial
processing difficulties and yield losses will also result, The
distributions obtained in EtOAc solvent will always be fairly broad

due to the potyiner characteristics associated with chain~transfer
chain-growth termination. Therefore, if suitable solvents could be
found which would give radical-interaction chain-growth termination
more typical of acrylics, it would be theoretically possible to make
NFPA/AA copolymers having more desirable characteristics,
Techniques similar to those suggested by Hoffmann et al,[ 10] might

be useful in this case,

The 39%-1AP copolymer described above has been selected
as being the best copolymer for RH-SE~103 propellant, and this
process is being adopted as the standard process for making the
NFPA/AA copolymer., Earlier in the report, the compositional
uniformity of the copolymer was discussed. Fig, 35 shows the cal-
culated uniformity versus conversion for the 39%-IAP copolymer,
Theoretical number-average run lengths of NFPA and AA molecules in
the chain versus conversion are shown in Fig, 36, The caiculations for
these figures were made using the reactivity ratios r, = 0.42 and

r, = 0.75 as described previously,
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96/4 NFPA/AA Weight Ratic

ry=0.42, r, = 0.75 Assumed in Calculations
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9.0 C ONCLUSIONS

1. A new process for making the copolymer has been
developed which has a high reactor productivity, which results in
readily processable RH-SE~103 propellant slurries, and which
vields a propellant with superior physical properties and thermal

stability.

2. Additional data are needed to conform the high-temperature
mechanical-property stability which was indicated in the preliminary
data, If additional experiments confirm the preliminary results,
RH-SE-103 propellant made with the new copolymer appears ready

for immediate use in missile systems without additional development.

1

3. Mathematical models for the compositional uniformity
and polymerization rate of the copolymer have been obtained and
demonstrated. Additional qualitative models for molecular weight
and molecular-weight distribution have been obtained which are useful
in gaining an insight into the copolymerization processes discussed
above. These models were used in developing the IAP to make co-
polvmer for RH-SE-103 propellant, and they should be very useful

if similar work is required for other propellants.

4, The NFPA/AA copolymer molecular weight has been shown
to have large effects on propellant physical properties and proceséing

characteristics.
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11,0 APPENDI¥Y, GAS-CHROMATOGRAPHIC-ANALYSIS PROCEDURES

Typically GC analyses are obtained by relating an unknown
concentration to that of an internal standard material having a known
concentration. However, this procedure has several drawbacks in
analyzing monomer concentrations in EtOAc or other volatile solvents,
Frequently suitable internal standard compounds evaporate so quickly
that appreciable errors are made in weighing small amounts of standard
to the sample, If the standard compound is added to the reactor prior
to the reaction this problem is overcome, but the standard material

could possibly exert an unknown influence on the reaction.

In order to overcome these difficulties, an absolute calibration
procedure was used which related area under the GC output curve
to the absolute quantity of monomer in the sample injected in the GC.
Samples containing various carefully weighed amounts of EtOAc, NFPA, and
AA weremadeé up andthe densitiég-of:these samples were accurately
measured. By use of a Chaney’ adapter on a microliter syringe, it
was possible to inject accurately known volumes of sample into the
GC apparatus, The areas under the GC peaks were corrected for
base-line drift, and calibration charts were constructed in which the
corrected area was plotted against the mass of monomer. The
calibration chart for NFPA monomer is shown in Fig., 37, and the

chart for AA monomer is shown in Fig, 38.

All density measurements were made at 30°C although the
samples were injected into the GC apparatus at room temperature
which was heldatapproximately 25°C, These density measurements
were required in order to obtain the mass of the known voluine of sample

injected into the GC apparatus.

The GC column was constructed from a 3-ft length of 1/4-in,
O. D, tubing packed with 90-100 American standard mesh Anakrom
%
ABS® " covered with 20% disodecylphthalate. A helium flow rate of

+ Hamilton Company, Whittier, California
Trademark of Analabs, Inc., 7 Hobson Avenue, Hamden, Conn.
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56 ml/min was maintained and the column temperature was held at

80°C £ 1°C, Column temperature was a critical factor and many GC

. . traces were discarded due to improper temperature control. The
oven available for this work was not the most modern that can be

obtained, and the temperature control system originally on the oven was

AR SRR .:v R

)
sl

unsatisfactory because it allowed a large temperature cycle to occur.
Satisfactory control was obtained by removing the on-off controller

and adjusting the power setting on the oven so that the desired tempera-

ture was indicated on the oven temperature dial. (Temperatures

throughout the oven were measured with thermocouples and a potentiometer

O s U Sl y
SR AP AN SRS

and these results confirmed the dial reading.)

_s

In preliminary testing, it was found that 4-cc vials with

AR

polyethylene snap-in caps would lose only a negligible percentage

of the sample by evaporation if the vials were nearly full, Vials

which contained a small amount of sample exhibited a greater per-

2

centage loss, although the absolute loss was approximately the same, i

The samples were inhibited by adding a small amount of diphenyl~

GheA e

picrylhydrazyl to the vial, and they were stored in the dark at a
temperature of 40°F., The GC traces were obtained the next day.

The 40°F temperature was felt to be the best temperature for storage

Fregriugil oy
SRAL S

%

v

because it was cold enough to minimize evaporation, but not cold

- enough for the AA to freeze and possibly dimerize on melting,

A word of caution is appropriate for anyone considering the
use of rubber syringe caps for sample vials containing volatile com=
ponents, It was observed in preliminary evaporation tests that rubber
syringe caps absorbed a great deal of the sample from the vial as
indicated by the cap weight gain. The phenomenon occurred without

the cap coming in contact with the liquid phase of the sample.
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